ABSTRACT We have developed a serum-free, chemically defined growth medium containing casein, insulin, transferrin, testosterone, and linoleic acid in Dulbecco's modified Eagle's medium/Ham's F12 medium, 1:1 (vol/vol), for growing murine T lymphomas. This medium supports the growth in suspension of all murine T lymphomas tested, including S49, W]l 7, EL4, BW5147, and R1.1. Growth of these cell lines was maintained indefinitely with doubling times approaching those of cells grown in 10% (vol/vol) horse serum. This medium also supports the growth of several of the S49 variants of the ,-adrenergic receptor/adenylate cyclase/cyclic AMP/protein kinase pathway, suggesting little or no involvement of this pathway in the routine growth of S49 cells or in the mechanism of action of the factors in this defined medium. This serum-free medium should prove useful for studies of a variety of metabolic pathways and of differentiated functions of T-lymphoma cells.
One of the major problems confronting research using cultured cells has been the variability of results obtained from experiment to experiment on a day-by-day basis. This variability may be accounted for, in part, by the variability of the serum in which the cells are grown. Not only does serum contain over 500 proteins, the functions of which are largely unknown, but serum can vary widely in its composition from batch to batch (1) . Therefore, in order to attempt to remove this variability and compositional mystery, investigators have developed serum-free synthetic media for a variety of cultured cells (1, 2) . Most success in growing cells in defined conditions has dealt with cells growing in monolayer, with relatively few attempts (refs. 3 and 4 and unpublished observations) to grow cells ordinarily maintained in suspension culture in serum-free medium.
T-cell lymphomas generally grow in suspension culture and have proved useful for study of regulation of immune function as well as of other differentiated properties (5) . One such murine lymphoma cell line, S49, has been used extensively as a model system for studies of the adenosine 3',5'-cyclic monophosphate (cAMP) (6) (7) (8) (9) and glucocorticoid (10) pathways, as well as for the study of purine and pyrimidine metabolism (11, 12) . In each of those pathways, clonal variants having lesions in various components of the system have been isolated. Wild-type and variant S49 cells, as well as the four other Tlymphoma cell lines described herein (WEHI 7, EL4, BW5147, and R1.1), are routinely grown in suspension cultures in medium containing 10% (vol/vol) horse serum or fetal calf serum. In this communication we report the development of a serum-free medium that supports the growth of these T-cell lymphoma lines.
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MATERIALS AND METHODS Cell Culture. Wild-type S49 cells were originally obtained from a female BALB/c mouse and have been maintained in continuous culture for many years (13) . Clonal variants of the wild-type S49 cells, including kin-(24.6.1) (7), (3d (8) , and UNC (9) , having lesions of the f3-adrenergic receptor/adenylate cyclase/protein kinase system or in nucleoside transport (AE-1; ref. 11), were isolated as described (14) . Other RESULTS The ability of various agents to promote the growth of wild-type S49 lymphoma cells in serum-free medium was determined as follows. Cells were washed free of serum, resuspended in modified Eagle's medium at 1 X 105 cells per ml, and incubated for 2-4 days with each agent at three different concentrations. Agents promoting growth (as assessed by cell number) were then retested to generate complete dose-response curves ( Fig.  1 A-D) . Vitamin-free crude casein, insulin, transferrin, and testosterone (CITT) promoted growth, but dose-response curves were biphasic for each of these agents. Concentrations yielding maximal cell numbers were 750 ,ug/ml, 1 .uM, 120 nM, and 1.7 nM, respectively.
Crude, vitamin-free casein was most potent in growth-promoting activity, increasing the number of live cells by 3-to 4-fold over control after 24 hr (Fig. 1A) . Purified a or K casein substituted equally well for crude casein, implying that contaminating agents in the crude casein were not responsible for the growth-promoting activity. Myoglobin substituted for casein for up to 24 hr (90% of total cell number relative to casein); however, subsequent growth was slowed (45% of casein control on day 2), possibly due to the inhibitory effect of iron contained in the myoglobin. Bovine serum albumin (0.5 mg/ml) was not as effective as casein (60% of casein control after 5 days) and was inhibitory when added with casein (89% of casein alone after 4 days). The polysaccharide dextran only partially substituted for casein (72% of casein control on day 5). Omission of casein from CITT resulted in 50-60% of the cell number achieved with CITT (day 5). These results suggest a nonspecific growth-promoting activity for casein, such as neutralization of negative surface charges or the binding of metabolic wastes as discussed below.
In addition, five other agents increased cell number for 2 days in serum-free medium: aldosterone, human chorionic gonadotropin, luteinizing hormone, prostaglandin F2a, and progesterone. However, when tested in the presence of CITT, each agent was inhibitory or had no additional growth-promoting effect. The apparent growth-promoting effects of chorionic gonadotropin and luteinizing hormone (hormones whose effects in other systems are mediated via cAMP) may be akin to the effect of adding exogenous cAMP derivatives. Cells grown in the presence of 50 pM 8-bromo-cAMP had a 100% increase in live cell number by 24 hr (compared to modified Eagle's medium alone) but had almost no additional growth after that period. This might reflect a transient acceleration of cell growth by cAMP, but such an effect is totally overshadowed by the growth arrest of S49 cells subsequently produced by cAMP derivatives. The growth-promoting effect of cAMP was not observed at higher concentrations (3 nM) of 8-bromo-cAMP.
In addition, many agents tested did not enhance growth: crude T-cell growth factor, estradiol, dithiothreitol, 2-mercaptoethanol, epidermal growth factor, relaxin, hydrocortisone, somatomedin C, ascorbate, putrescine, nerve growth factor, fibronectin, follicle-stimulating hormone, adrenocorticotropin, thyrotropin-releasing factor, triiodothyronine, fibroblast growth factor, growth hormone, thrombin, prostaglandin E1, glucagon, and prolactin. Selenium, ethanolamine, and polylysine were variable in their effects but produced no clear promotion of growth. Also, agents inactive with modified Eagle's medium alone were inactive when retested in combination with CITT.
Optimal were observed when the concentrations of each agent were varied 3fold in either direction in the presence of the other four factors, indicating that we have chosen maximal concentrations of each factor. The only exception was transferrin, whose maximal concentration was reduced (to 19 nM), probably due to the relatively higher iron concentration in modified Eagle's/F12 medium (1.6 isM) relative to modified Eagle's medium (0.25 AM). Fig. 3 shows the growth pattern of wild-type S49 lymphoma cells for 15 days in culture in the presence of horse serum and for 47 days in CITTL. In the presence of horse serum, S49 cells grow with a doubling time of 17-20 hr. In CITTL, wild-type S49 cells grew nearly as fast as in horse serum for the first few days. The second phase of growth (days 4-14) was slower, with a doubling time of about 60 hr. After 14 days, growth was again rapid, with a doubling time of 28-29 hr. After 5 weeks in CITTL, the doubling time averaged 23-24 hr. Therefore, even after long times in culture, the growth rate was not as fast as in the presence of serum.
In addition, cells grown in CITTL appeared about 20% smaller than cells grown in serum. This size discrepancy, as assessed by a Coulter Channelyzer, was most pronounced just prior to dilution of the suspension cultures and resulted in a preferential accumulation in G1, as assessed by cytofluorimetric analysis (data not shown). When conditioned medium from these high-density cultures was dialyzed against a 50-fold excess of fresh modified Eagle's/F12 medium, the growth-inhibitory action of the dialyzed medium was removed. This suggests the accretion of dialyzable, small (less than 8000 daltons) inhibitor(s) of growth. Serum-grown cells may be protected from such inhibitors by virtue of the well-known ability of serum to bind high and low molecular weight molecules (1) . Casein probably only partially protects from this effect. As mentioned above, various other agents (myoglobin, bovine serum albumin, and dextran) probably serve the same function(s); however, they are not as effective as casein in this regard. Serum may also protect from the observed temperature and pH sensivitity of cells grown in serum-free medium. When care was taken to avoid extremes of high cell density, temperature, and pH, cell sizes were identical for cells grown in serum or in serum-free medium.
CITTL in modified Eagle's/F12 medium supports the growth of four other T lymphomas: WEHI 7, EL4, BW5147, and R1.1 (Fig. 4 ). An mutants. Because the kin-(24.6.1) mutant lacks cAMP-dependent protein kinase activity (18) , these data argue against a requirement of cAMP in mediating the enhancement of growth by any of the factors in our defined medium. In addition to the cAMP variants, CITTL supports the growth of the nucleoside transport mutant, AE-1 (Fig. 3) (1, 2) . Whether the relatively high insulin concentrations used here or in other systems reflect enhanced insulin degradation in media incubated at 370C or growth-promoting effects of insulin contaminants is not known (1) . It is interesting to note that the testosterone concentration that was optimal for growth falls in the normal range for women but not for men (19) . In this regard, the requirement for androgens for T-lymphoma proliferation may be related to the observation that androgens are involved in maintaining the immune response (20) . The other factor in our medium, linoleic acid, is an essential fatty acid and yields biphasic growth curves when used with other cell types (21) . Further studies will be required to determine if the factors in CITTL can be replaced by other components that appeared to offer no additional growth-promoting effect when added together with CITTL. There have been conflicting reports of the requirement of cAMP during the cell cycle (22, 23) . In this study we found that wild-type S49 cells and all the S49 variants of the cAMP pathway grew equally well (Fig. 3) . Because kin-cells lack cAMP-dependent protein kinase activity, one cannot envision a strong requirement for cAMP in promoting growth (18, 24) . Interestingly, cells incubated with 50 pM 8-bromo-cAMP doubled their cell number in 24 hr (even in the absence of serum or CITTL). It was observed that the relative cell size shrank rapidly during this time, suggesting that 8-bromo-cAMP promoted a single round of cell division followed by growth arrest, probably in GI (24) . Therefore, in S49 cells, it appears that exogenous cAMP predominantly inhibits cell growth in spite of an apparent short-term burst of "growth" and that small changes in endogenous cAMP levels are unlikely to modulate normal cell cycle progression.
Because cell doubling time is slightly prolonged in lymphoma cells grown in serum-free medium, it will be important to document that cells grown in this manner demonstrate "normal" expression of essential and differentiated functions. For example, other cultured cells grown in serum-free media show enhanced numbers of f3-adrenergic receptors (unpublished data) or changes in regulation of epidermal growth factor receptors (2,21) compared to cells grown in serum. In this regard, preliminary results (25) have shown that wild-type S49 cells have enhanced isoproterenol-stimulated cAMP accumulation after 7 days of growth in CITTL. In addition, the development of a defined medium for growing T-lymphoma cells should prove useful in facilitating a variety of studies, including mechanisms of growth regulation, hormone action, and production of T-cell antigens and effector molecules. It will be of further interest to determine if the relatively simple medium that we have elucidated will support growth of T-cell lines from other species, as well as growth of other normal and transformed leukocytes. In this regard, we have found in preliminary studies that human and murine transformed macrophages (U937 and P815), as well as other human and murine transformed leukocytes (Raji, P388D1, BB88, RAW 309 Fl. 1, and JLS-V5), can grow in CITTL.
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